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The pyrolysis of 2-phenethyl phenyl ether (PPE, C6H5C2H4OC6H5) in a hyperthermal nozzle (300-1350 °C)
was studied to determine the importance of concerted and homolytic unimolecular decomposition pathways.
Short residence times (<100 µs) and low concentrations in this reactor allowed the direct detection of the
initial reaction products from thermolysis. Reactants, radicals, and most products were detected with
photoionization (10.5 eV) time-of-flight mass spectrometry (PIMS). Detection of phenoxy radical, cyclopen-
tadienyl radical, benzyl radical, and benzene suggest the formation of product by the homolytic scission of
the C6H5C2H4-OC6H5 and C6H5CH2-CH2OC6H5 bonds. The detection of phenol and styrene suggests
decomposition by a concerted reaction mechanism. Phenyl ethyl ether (PEE, C6H5OC2H5) pyrolysis was also
studied using PIMS and using cryogenic matrix-isolated infrared spectroscopy (matrix-IR). The results for
PEE also indicate the presence of both homolytic bond breaking and concerted decomposition reactions.
Quantum mechanical calculations using CBS-QB3 were conducted, and the results were used with transition
state theory (TST) to estimate the rate constants for the different reaction pathways. The results are consistent
with the experimental measurements and suggest that the concerted retro-ene and Maccoll reactions are
dominant at low temperatures (below 1000 °C), whereas the contribution of the C6H5C2H4-OC6H5 homolytic
bond scission reaction increases at higher temperatures (above 1000 °C).
Introduction
The pyrolysis behavior of phenyl ethers has been studied by
researchers to elucidate pyrolysis of low rank coal and lignin
from biomass.1-3 2-Phenethyl phenyl ether (PPE, 1) was first
suggested by Klein and Virk3,4 as a model compound for the
pyrolysis of lignin since the -ether linkage of PPE represents
about 50% of the interunit linkages found in lignin, one of the
three biopolymers that constitute all biomass feedstocks.5,6 From
their work and subsequent studies there arose some uncertainty
about the initial decomposition of this molecule. This uncertainty
partially stems from the fact that direct experimental observation
of the initial reaction products has often been difficult, parti-
cularly for radical channels.
There have been four proposed routes for the initial decom-
position of PPE as shown in reactions 1-4 below. The first
two reactions are homolytic bond dissociations in either the
R-position, reaction 1, or the -position, reaction 2. The
primary products from these reactions are the free radicals
2-phenylethyl radical, 2, and phenoxy radical, 3, from reaction
1 and benzyl radical, 4, and anisyl radical, 5, from reaction 2.
The reverse of reactions 1 and 2 are barrierless radical
recombination reactions, so there are no saddle points on the
potential energy surface (PES) for these reactions. The last two
reactions are concerted elimination reactions involving a
6-centered transition state, 6, the so-called “retro-ene” (Hoff-
mann7) reaction, shown in reaction 3, and a 4-centered transition
state, 9, called the Maccoll elimination,8 shown in reaction 4.
Both of these produce styrene, 7, whereas the other product
from reaction 3 is 2,4-cyclohexadienone, 8, and that from
reaction 4 is phenol, 10.
Klein and Virk3,4 conducted pyrolysis experiments of neat
PPE and PPE in tetralin, a hydrogen donor, from 300 to
500 °C in stainless steel bombs. They primarily measured phenol
and styrene. Upon the basis of the similarity of products and
kinetics in the presence of tetralin, they proposed that the retro-
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ene mechanism, reaction 3, best explained the observed data,
but they suggested that homolysis mechanisms may play a minor
role in PPE pyrolysis.
Britt et al. have more recently conducted extensive studies
of PPE pyrolysis.9,10 They explored the thermal decomposition
of PPE, 1, in constant volume reactors from 330-425 °C, for
5-40 min in the liquid phase and 5-480 min in the gas phase.10
They also conducted flash vacuum pyrolysis experiments with
PPE and methoxy substituted derivatives at 500 °C and a
residence time of approximately 10 ms.9 Again they observed
phenol and styrene as major products. They proposed that C-O
homolysis, reaction 1, was the dominant mechanism for PPE
decomposition and that the retro-ene mechanism was minor
based upon an analysis of experiments with deuterated isoto-
pomers. It was suggested that phenol is formed from hydrogen
abstraction reactions involving the phenoxy radical, 3.
Estimation of the energetics for reactions 1-4 suggests that
retro-ene reaction should be dominant until very high temper-
atures. The bond dissociation energy for reactions 1 and 2 can
beestimatedfromgroupadditivity11andknownthermodynamics12-17
to be DH298(C6H5O-CH2CH2C6H5) ) 69 kcal mol-1 and
DH298(C6H5CH2-CH2OC6H5) ) 76 kcal mol-1. As mentioned
above, these reactions are not likely to proceed via pronounced
barriers on the PES, therefore the bond dissociation energies
may serve as approximations to the activation energies. Bond
scission reactions such as these typically have large pre-
exponential factors (1014 to 1016 s-1). The kinetic parameters
for the concerted reactions can be estimated based upon
measured values for similar reactions. The retro-ene reactions
have been measured for decomposition of alkyl vinyl ethers.
For instance, the retro-ene dissociation of ethyl vinyl ether,
reaction 5, has been measured and the reported activation
energy18 is Ea(5) ) 42.3 ( 1.3 kcal mol-1 with a pre-exponential
factor18 of A(5) ) 1012.1(0.3 s-1. The Maccoll elimination, reaction
4, can be approximated by the parameters for the reaction of
diethyl ether to give ethanol and ethylene, reaction 6. The
reported activation energy19 for this reaction is Ea(6) ) 66 kcal
mol-1, and the pre-exponential factor19 is A(6) ) 7.9 × 1013 s-1.
From these values, the rate constants for reactions 1-4 can be
estimated and are plotted as a function of temperature in Figure
1. On the basis of these rate constants, the retro-ene reaction is
favored with rate constants orders of magnitude larger than the
other reactions at 400 °C but is lower than the C-O homolysis
reaction at temperature greater than 1250 °C.
In this study we have used a hyperthermal nozzle to pyrolyze
PPE and to isolate the initial products in a molecular beam for
detection with photoionization mass spectrometry (PIMS). In
order to help interpret the results for the PPE pyrolysis
experiments, we have also conducted pyrolysis experiments with
phenyl ethyl ether, PEE, 15, which can undergo analogous
reactions to PPE, reactions 7-9. However, in this case C-C
homolysis is much less likely. Since PEE is smaller, we were
also able to measure the products using matrix isolation Fourier
Transform Infrared (FTIR) spectroscopy. Finally, we have
conducted quantum mechanical calculations in order to deter-
mine which reactions are more likely and identify possible
secondary reactions.
Experimental Section
To directly measure the primary products of the reactions
shown in reactions 1-4 we used an experimental approach that
has proven successful for measuring radicals and unstable
pyrolysis products. The approach, Figure 2, has been described
in detail elsewhere20-23 and involves the pyrolysis of molecules
in a resistively heated SiC nozzle and the measurement of the
products with PIMS and matrix-IR spectroscopy. A Series 9
Parker General Valve pulsed the molecule of interest diluted in
helium or argon into the hyperthermal nozzle, a resistively
heated, 1 mm i.d. silicon carbide tube. The temperature on the
Figure 1. Rate constants for PPE decomposition derived from literature
values for similar reactions. For k1 Arrhenius parameters were taken
from anisole dissociation, C6H5OCH3 f C6H5O + CH3; A(1) ) 2 ×
1015 s-1, Ea(1) ) 64 kcal mol-1. For k2 the A factor was estimated to be
similar to k2 and the activation energy was assumed to be the C-C
bond enthalpy; A(2) ) 1 × 1015 s-1, Ea(2) ) 76 kcal mol-1. For k3, the
constants from reaction 5 were used with a statistical multiplier of 4/3;
A(3) ) 1.7 × 1012 s-1, Ea(3) ) 42 kcal mol-1. For k4 the constants from
reaction 6 were used with a statistical multiplier of 2/3; A(4) ) 5.3 ×
1013 s-1, Ea(4) ) 66 kcal mol-1.
Pyrolysis Products of 2-Phenethyl Phenyl Ether J. Phys. Chem. A, Vol. 115, No. 4, 2011 429
outside of the tube was monitored with a tungsten-rhenium
thermocouple,24 and the temperature was controlled by adjusting
the current through the SiC tube. The electrode spacing
determined the length of the hot zone in the reactor (2 cm) and
the residence time of the gas in the tube has been estimated to
be less than 100 microseconds.20,21 At the end of the reactor,
the gas expanded into the vacuum, quenching the reactions. Due
to the short residence times, high temperatures, and low substrate
to carrier ratio (<1:1000) secondary reactions were generally
inhibited. As such, this reactor is useful for isolating radicals
and reaction intermediates.20,22,25-30
In the PIMS apparatus,31 the products from the hyperthermal
nozzle in helium were ionized with vacuum ultraviolet (VUV)
photons and detected with a reflectron time-of-flight mass
spectrometer. The adiabatic expansion from the nozzle was
skimmed and the pulsed molecular beam intersected a pulsed
118 nm (10.5 eV) VUV ionizing beam (10 Hz). The VUV
photons were generated by tripling the third harmonic of an
Nd:YAG laser (Continuum) in a xenon/argon cell.20 Ions were
detected at the end of the time-of-flight tube with a microchannel
plate, and the signal was collected with a LeCroy 9350A 500
MHz digital oscilloscope. Typically, 5000 spectra were averaged
for each temperature. Propylene and NO were used as calibration
standards for the mass scale of the time-of-flight mass spec-
trometer. They were introduced into the vacuum chamber
through the hyperthermal nozzle at room temperature (25 °C).
In the matrix isolation experiments, the products from the
pulsed hyperthermal nozzle in an argon flow were deposited
on a cryogenic CsI window and spectra were collected with an
FTIR. The cryostat was a two-stage, closed-cycle helium
refrigerator (APD Model HC-2) and the temperature at the end
of the coldfinger (∼10 K) was measured with a silicon
thermocouple. The CsI matrix window was mounted to the
bottom of the coldfinger, approximately 2.5 cm from the outlet
of the hyperthermal nozzle. Infrared spectra from 400-4000
cm-1 were collected using a FTIR spectrometer (ThermoNicolet
Magna-IR Series II 550 Spectrometer) with a KBr beamsplitter
and a MCT/B detector. At least 500 scans, with a resolution of
0.25 cm-1, were collected for each condition. Background
spectra of the cold window, prior to deposition of the matrix,
were collected before each run, and these were used to calculate
absorbance.
Experimental investigation of the primary unimolecular
decomposition reactions studied here required low concentra-
tions to limit secondary reactions. PIMS experiments at higher
substrate to helium ratios (1:50) resulted in a decrease in the
observed formation of radicals. For instance, at these high
concentrations we observe low ratios of phenoxy radical to
phenol, m/z peaks 93 and 94, and cyclopentadienyl radical to
cyclopentadiene, m/z peaks 65 and 66. This suggests that
hydrogen abstraction reactions occur with radicals at these
concentrations. The same high concentration effects were also
observed in the matrix-IR experiments. For the results reported
here, the dilution of PPE and PEE was low enough (e1:1000)
so that the observed ratios of these peaks were insensitive to
changes in concentration. This suggests that at these concentra-
tions, the hydrogen abstraction reactions were minimized. The
vapor pressures of PPE and PEE were adjusted by heating the
sample holder, and the values were estimated using the
Lee-Kesler method as described by Reid et al.32 We held the
sample region temperature at 100 °C to produce 1 Torr PPE, 1,
in 2000 Torr helium. This was the lowest sample region
temperature that resulted in an acceptable signal-to-noise ratio.
For PEE, 15, a slightly higher concentration of ∼3 Torr in 1500
Torr argon was needed to obtain acceptable spectra in the
matrix-IR experiment. PPE, 1, was obtained from Frinton
Laboratories (99%) and PEE, 15, was obtained from Sigma
Aldrich (99%), and they were used after being degassed with
freeze-pump-thaw cycles (liquid nitrogen). Room temperature
mass spectra showed only peaks from the parent molecule, so
the trace contaminants (if any) would have a negligible impact
on the pyrolysis behavior.
Computational Section
Quantum mechanical electronic structure calculations were
used to compare the energies of the competing decomposition
pathways for PPE and PEE and to estimate the rates of the
reactions. All calculations were carried out with the Gaussian
03 suite of programs33 using the CBS-QB3 method. This method
optimizes the geometry using density function theory (B3LYP)
and then extrapolates to the complete basis set limit with MP2,
MP4, and CCSD(T) single point calculations. A complete
description of this method can be found in the literature.34 This
approach has been shown to produce a mean absolute error of
0.87 kcal mol-1 and absolute max error of 2.8 kcal mol-1 when
compared to the G2 set of molecules. CBS techniques have also
been found to produce reliable transition state energies.35-38
Figure 2. Schematic of experimental apparatus showing the hyperthermal nozzle, TOF section of the PIMS and matrix-IR components.
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Transition states were determined as those having a reasonable
geometry with a single imaginary frequency, whose atomic
displacement appeared to approximate the reaction coordinate.
In addition, IRC calculations were conducted to establish that
the transition state connected the reactant to the product.
In order to test the accuracy of the computational approach
used in this study we compared the results from CBS-QB3
calculations to relevant experimental measurements. The ho-
molytic unimolecular decomposition of PPE shown in reactions
1 and 2 will likely have monotonically increasing potential
energy along the reaction coordinate. Thus, the transition state
cannot be localized as a saddle point on the PES but needs to
be determined as the location along the reaction coordinate
where there is a minimum in the density of states of transverse
modes. A suitable method to find this minimum (as a function
of temperature) is variational transition state theory (vTST).
However, as suggested by Beste and Buchanan,39 PPE and the
transition states of its reactions contain numerous vibrational
modes with very low frequencies which, if not treated properly,
lead to substantial uncertainties in absolute rate constants. These
uncertainties are expected to be significantly larger for variation-
ally determined rate constants of the barrierless homolysis
reactions of PPE. Therefore, such an attempt is unwarranted
unless a reliable code suitable for large molecules, such as PPE,
was available. Development of a vTST code is beyond the scope
of this study. Instead, we have employed the same strategy as
Beste and Buchanan40 and concentrate on the calculation of the
bond dissociation energies alone. For these reactions, we have
used the calculated bond dissociation energy, D0, for the
activation energy, Ea, and have selected experimental pre-
exponential factors, A, from similar reactions. Because bond
dissociation energies are difficult to measure, we have compared
calculated bond dissociation enthalpies, DH298, to experimental
values for similar reactions to those shown in reactions 1 and
2. Several of these are presented in Table 1. Typically, the
calculated values are within 1-2 kcal mol-1 of the uncertainty
limits of the experimental values. As a test of our approach for
reactions 3 and 4, we calculated the activation energies for
reactions 5 and 6 and compared the results to experimental
values. This is also shown in Table 1. The calculated energy
barrier was determined by eq 1, where E is the potential energy,
ZPE is the zero point energy determined using the calculated
harmonic frequencies, TS is the transition state, and R is the
reactant. As can be seen the calculated values are within 2 kcal
mol-1 of the experimental values. The calculated energies for
the molecules and transition states used to obtain the values in
Table 1 are collected in the Supporting Information as are the
Cartesian coordinates of the optimized structures. The results
from these calculations suggest that an upper limit of the
uncertainty in the bond dissociation energies and transition state
energies is 2 kcal mol-1 for the molecules studied here.
In contrast to reactions 1 and 2, the retro-ene reaction, reaction
3, and the Maccoll reaction, reactions 4, proceed via pronounced
energy barriers, which allows for an easy identification of the
transition state geometries and application of canonical transition
state theory41,42 to calculate the corresponding rate expressions.
In terms of the Gibbs free energy, the rate constants can be
calculated according to eq 2:
Here, κ(T) is the tunneling correction factor, Vm is the molar
volume at standard pressure (Vm ) RT/p, with p ) 1 atm), n is
the molarity of the reaction (e.g., n ) 1 for unimolecular, n )
2 for bimolecular), and ∆G# is the difference in Gibbs free
energy between the transition state geometry (∆GTS) and the
reactant(s) (∆Greac),
All other symbols represent common parameters. The ∆GTS term
for the transition state does not include contributions from the
reaction path mode (imaginary frequency vibration).
We calculate the entropies and heat capacities via well-
established methods from statistical mechanics based on partition
functions for the different energy modes in molecules. Heats
of formation are obtained with the atomization energy method.43
Since the TST method requires only energy differences, most
systematic bond errors44 that might be apparent will cancel out.
Most of the internal modes are treated using the harmonic
oscillator-rigid rotor approximation, and the B3LYP/CBSB7
frequencies of the CBS-QB3 method are scaled by a factor of
0.99 prior to their use. Some low frequency vibrations of
molecules of interest in this work resemble rotations around a
single bond (hindered rotations), and these internal rotations
are treated separately using the following approach: First we
determine the hindrance potential via a relaxed PES scan, in
which the dihedral angle corresponding to the selected rotation
is varied in steps of 10° until a full rotation of 360° is achieved.
At each dihedral angle value all other degrees of freedom are
allowed to vary until the energy is minimized. The obtained
hindrance potential is fitted to a Fourier series. Second, we
calculate the effective moment of inertia for the rotation. For
symmetric rotors this value is easily calculated since the rotating
axis coincides with the actual bond,45 but for asymmetric rotors
the calculation is more demanding. Kilpartick and Pitzer46 solved
this problem for the general case and East and Radom47 provided
practical approximate methods to calculate effective moment
of inertias for internal rotations. We use their I(2,3) method in
this work. Third, with the potential and effective moment of
inertia in hand, we numerically solve the Schro¨dinger equation
for a one-dimensional rotor. The obtained energy eigenvalues
are finally used to calculate the partition function and contribu-
tions of this mode to the thermal energy, entropy, and heat
capacity.
The temperature dependent transmission factor κ(Τ), which
accounts for contributions from quantum mechanical tunnelling,
is obtained from asymmetric Eckart potentials.48 This method
requires the magnitude of the imaginary frequency as well as
the barrier heights in forward and reverse directions. All this
TABLE 1: Comparison of Relevant Experimental Energies
to Results Obtained with CBS-QB3
experimental
(kcal mol-1)
CBS-QB3
(kcal mol-1) expt ref
DH298(C6H5O-C2H5) 70 68 76
DH298(C6H5O-CH3) 62 ( 3 62 77, 78
DH298(C2H3O-C2H5) 65 ( 2 65 15, 79-81
DH298(C2H5O-C2H5) 86 ( 1 88 13, 15, 82, 83
DH298(C2H5OCH2-CH3) 85 87 13, 17, 84, 85
DH298(C6H5CH2-CH3) 77.6 ( 0.6 79 13, 84, 86, 87
Ea(5) 42.3 ( 1.3 45 18
Ea(6) 66 68 19
Ecalc ) ETS + ZPETS - ER - ZPER (1a)
k(T) ) κ(T)kBT/hVm(n - 1) exp(-∆G#/RT) (2a)
∆G# ) ∆GTS - ∆Greac ) ∆HTS - T∆STS -
∆Hreac + T∆Sreac (3a)
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information is readily available from the CBS-QB3 results for
the reactants, products, and transition state.
Rate expressions are calculated with eq 2 in 50 K steps for
the temperature interval 300-2500 K. The data set is then fitted
to a modified Arrhenius expression,
Note that the “E” value defined in eq 4 differs from the
activation energy “Ea” by E ) Ea - nRT.
Results and Discussion
The mass spectra of pyrolysis products from PPE support
the existence of the reactions shown in reactions 1-4. The mass
spectra collected at nozzle temperatures of 200, 600, 900, and
1100 °C are shown in Figure 3, and plots of the intensities of
individual ions as a function of temperature are shown in Figure
4. All vertical axes in the spectra are plotted on the same scale
for comparison of relative intensities. As can be seen, at 200
°C the parent ion (m/z ) 198) is prominent in the mass spectrum.
As the nozzle is heated up to 600 °C the intensity of the parent
decreases and a peak at m/z ) 105 grows in. Although this
peak could be due to phenyl ethyl radical, 2, it is more likely
that it is due to fragmentation during the photoionization process.
At these low temperatures, thermal fragmentation of PPE is
unlikely, and if it was significant, the other product from this
reaction, phenoxy radical, 3 should be observed at m/z ) 93.
The spectra show only a very small peak at m/z ) 93.
Furthermore, the formation of phenyl ethyl radical is unlikely
because loss of a hydrogen atom to form styrene, 7, or loss of
ethylene to form phenyl, 18, as shown in reactions 10 and 11
are thermodynamically more facile than dissociation of PPE to
form 2, reaction 1. As mentioned above the estimated enthalpy
for reaction 112 is ∆react(1)H298 ) 69 kcal mol-1 as compared49
to ∆react(10)H298 ) 31 kcal mol-1 for reaction 10 and ∆react(11)H298
) 37 kcal mol-1 for reaction 11. Our CBS-QB3 calculations
predict values of ∆react(1)H298 ) 69 kcal mol-1, ∆react(10)H298 )
31 kcal mol-1, and ∆react(11)H298 ) 39 kcal mol-1. Rate
parameters were calculated to be Ea(10) ) 36.7 kcal/mol and
A(10) ) 7.3 × 1012 s-1 for reaction 10 and Ea(11) ) 40.1 kcal/
mol and A(11) ) 6.4 × 1013 s-1 for reaction 11. (The Cartesian
coordinates and energies are gathered in the Supporting
Information.) Thus, if phenyl ethyl radical is formed it will
instantaneously dissociate to form either styrene or phenyl
radical. As the temperature in the nozzle increases from 200 to
600 °C, the observed increased fragmentation is due to increased
internal energy of PPE in the ionization region due to inefficient
cooling during the adiabatic expansion from the nozzle. This
type of behavior has been observed in earlier studies of the
pyrolysis of allyl iodide.26
Evidence for C-O Homolysis. At 900 °C the peak at 93 is
due to phenoxy radical, 3, and is indicative of scission of the
PhCH2CH2-OPh bond, reaction 1. As mentioned above, the
other product from this reaction is phenyl ethyl radical, 2 (m/z
) 105), which will quickly dissociate by reaction 10 to form
styrene, 7 (m/z ) 104). As can be seen in Figures 3 and 4, the
peak at m/z ) 104 grows in with increasing temperature. Also
note that at 900 °C there is a peak at m/z ) 65, which is due to
the cyclopentadienyl radical, 19, formed by reaction 12. Note,
that we cannot observe CO from this reaction because the
ionization energy50 is greater than the laser energy, IP(CO) )
14.0142 ( 0.0003 eV. The activation energy51 for this reaction
is Ea(12) ) 43.9 ( 0.9 kcal mol-1, but the transition state is
tight and the pre-exponential factor51 is small, A(12) ) 2.5((1.5)
× 1011 s-1. As a result the rate of removal of phenoxy radical
by reaction 12 is nearly identical to the rate of formation of
phenoxy radical by reaction 1 using the rate constants in Figure
1. For instance, the rate constant for reaction 1 at 900 °C is k(1)
) 2.4 × 103 s-1, whereas the rate constant for reaction 12 is
k(12) ) 2.4 × 103 s-1. This is consistent with the experimental
results presented in Figures 3 and 4, which show that intensity
of the peak for phenoxy radical (m/z ) 93) remains small with
increasing temperature. Similar behavior for phenoxy radical
and cyclopentadienyl radical has been observed from the
Figure 3. Mass spectra of the products of pyrolysis from PPE (1:
2000) at select temperatures.
Figure 4. Plots of the intensity of the peaks in the mass spectra from
the pyrolysis of PPE (1:2000) as a function of temperature.
k(T) ) ATne-E/(RT) (4a)
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pyrolysis of anisole,28,52 C6H5OCH3, which produces phenoxy
radical by the dissociation of the C6H5O-CH3 bond.
As the temperature increases the cyclopentadienyl radical
decomposes to form propargyl radical, C3H3, m/z ) 39, 20, and
acetylene as shown in reaction 13. Figure 4 show that the peak
for propargyl radical strongly increases with temperature above
1000 °C. We cannot detect acetylene, C2H2 m/z ) 26, because
the ionization energy,53 IP(C2H2) ) 11.400 ( 0.004 eV, is
greater than the energy of the ionizing photons. The rate for
this reaction was calculated54 using ROHF-CCSD(T) and
RRKM, and the rate constant at 1 atm was fit with the following
parameters, A(13) ) 1.98 × 1068 s-1, n(13) ) 15.0, Ea(13) ) 124
kcal mol-1, where k ) AT-n exp(-Ea/RT). The calculated rate
constant for this reaction is several orders of magnitude lower
than the rate constant for reaction 12. For instance, at 900 °C,
the calculated rate constant is k(13) ) 1.4 × 10-1 s-1, four orders-
of-magnitude lower than k(12), but at 1400 °C k(13) ) 5.6 × 103
s-1 is only two orders-of-magnitude lower than k(12). The traces
in Figure 4 show that the signal for propargyl radical, m/z )
39, increases with temperature above 1000 °C concomitantly
with a decrease in the signal for cyclopentadienyl radical. The
rate constants calculated for reactions 1 and 12 are high enough
that above 1100 °C all of the PPE should be reacted and all of
the phenoxy radical should be decomposed. This is consistent
with the data shown in Figures 3 and 4. Growth of propargyl
radical and loss of cyclopentadienyl radical are consistent with
the growth in the calculated rate constant for reaction 13 relative
to reaction 12. The observation that the peaks at m/z ) 65 and
m/z ) 39 are dominant above 1100 °C is consistent with the
proposition that the C-O homolysis reaction becomes a
prominent decomposition pathway at the higher temperatures
of this study.
At higher temperatures, 900-1200 °C, there is evidence for
further decomposition of styrene, which can decompose to
benzene, 22, and acetylene as shown in reaction 14. The kinetics
of this reaction have been studied in a shock tube,55 and the
derived pre-exponential factors and activation energy are A(14)
) 1.58 × 1011 s-1 and Ea(14) ) 58.4 kcal mol-1. Evidence for
benzene is seen at m/z ) 78 in the mass spectra. Acetylene can
not be seen because its ionization potential53 is greater than the
energy of the ionizing photons. We have conducted separate
experiments with styrene (Supporting Information) and the
results from these tests show the same yield of the peak at m/z
) 78, relative to styrene, as observed during PPE pyrolysis.
Evidence for C-C Homolysis. The small peak with m/z 91
is an indication of the homolysis of the PhCH2-CH2OPh bond
as shown in reaction 2. This m/z corresponds to the mass of
benzyl radical and the accompanying anisyl radical product,
PhOCH2, 5, has a mass 107. There was no significant signal
obtained at m/z ) 107 due to the rapid reaction of this species.
The PhOCH2 radical, 5, will quickly undergo a 1,3-aryl shift to
form the benzyloxy radical,56 23, reaction 15. Reactions 16 and
17 show the dominant reactions for this radical. In reaction 16
hydrogen atom is eliminated to form benzaldehyde, 24, and in
reaction 17 formaldehyde is eliminated to form phenyl radical,
18.57,58 A third reaction, not shown, forming benzene and HCO
is only predicted to account for 5-10% of the chemistry of the
benzyloxy radical, 23.58 The PES for PhOCH2, 5, has been
calculated at the CBS-QB3 level of theory and used to determine
kinetic parameters for reaction 16 and 17. The activation
energies and pre-exponential factors for reactions 16 and 17
have been calculated to be Ea(16) ) 19.5 kcal/mol A16 ) 2.2 ×
1014 s-1 and Ea(17) ) 26.5 kcal mol-1 A17 ) 5.9 × 1014 s-1.
Kinetic modeling indicates the ratio of reaction 16 to reaction
17 to be approximately ∼7:1 at 900 °C (when taking into
account photoionization cross sections this ratio would be ∼3.5:
1). It is difficult to find evidence for these pathways in the
current experiments. In the mass spectra (Figure 2), there are
very small signals for m/z ) 106 (the mass of benzaldehyde)
once the natural abundance of 13C1-isotopomers of m/z ) 105
(C8H9+) has been subtracted. However, benzaldehyde photof-
ragments easily and therefore a significant signal at m/z ) 106
would not be expected. Formaldehyde is not observable in our
system due to its high ionization potential,59 IP(CH2O) ) 10.88
( 0.01 eV, and phenyl radical has a competing source from
reaction 11, which should dominate.
Evidence for Concerted Reactions. Evidence for the
concerted reactions is provided by the presence of a peak in
the mass spectrum at m/z ) 94. This peak could arise from
2,4-cyclohexadienone, 8, from reaction 3 or phenol, 10, from
reaction 4. However, it is more likely that the peak at m/z ) 94
arises only from phenol. Any 2,4-cyclohexadienone that is
formed from reaction 3 will be quickly converted to phenol by
a 1,3 hydrogen transfer, keto-enol tautomerization, as shown
in reaction 18. The barrier for this reaction has been calculated60
to be low, Ea(18) ) 51 kcal mol-1 with an associated rate constant
of ∼9000 s-1 at 1000 °C. The reverse reaction has a much higher
barrier of Ea(18-rev) ) 69 kcal mol-1. It can therefore be calculated
that at equilibrium there is less than 0.05% cyclohexadienone
present. The other product from these reactions is styrene, but
as shown above, styrene will also be formed from C-O
homolysis, so m/z ) 104 is not a distinguishing feature for the
concerted reactions. To ensure that phenol did not originate from
hydrogen abstraction reaction involving phenoxy radical, we
conducted a number of experiments where the sample boat
containing the PPE was heated from 100 to 150 °C and the
mass spectra were measured. We estimate that the pressure of
PPE in these experiments changed from about 1 to 8 Torr, with
a mole fraction of 7 × 10-4 to 5 × 10-3. Over this temperature
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range, the intensity of m/z ) 94 was linear with concentration,
and there was little change in the ratio of the peak intensity of
m/z ) 94 to the intensity of m/z ) 93. This suggests that in this
pressure range, little phenoxy radical was reacting to give
phenol. Since the rates for bimolecular reactions such as H
abstractions depend quadratically on pressure (on the reactant
concentrations) while the yields from unimolecular reactions
at the high pressure limit depend only linearly on it, the 94/93
ratio should have clearly changed if H abstraction reactions
played a role. The typical experiments described above were
conducted with the valve held at a temperature of 100 °C, and
these experiments suggest that hydrogen atom abstraction by
phenoxy radical is not significant. A separate study was
conducted52 with anisole, 26, using this experimental apparatus
and similar concentrations, and the mass spectra contained only
a small peak at m/z ) 94; this was consistent with the isotopic
ratio of 13/12C of phenoxy radical arising from the C-O
homolysis shown in reaction 19. This suggests that under these
experimental conditions phenoxy radical will not form phenol
through hydrogen atom abstraction. Thus, the m/z ) 94 peak
must arise from phenol formation due to reactions 3 or 4 or
both.
Pyrolysis of PEE. The pyrolysis of PEE, 15, produces mass
spectra (Figure 5) that are consistent with the reactions shown
in reactions 7-9 and so support the proposition that both
homolytic bond scission and concerted reactions occur for PPE.
At 600 °C the mass spectrum of PEE showed photofragmen-
tation to give m/z ) 94 and m/z ) 66 in addition to the parent
ion, m/z ) 122. Reaction 7 shows the C-O homolysis reaction
forming phenoxy radical and ethyl radical. Similar to 2-phe-
nylethyl radical, 2, ethyl radical, will rapidly undergo H atom
loss to form ethylene. This bond dissociation enthalpy58 is
DH298(CH2CH2-H) ) 35.7 ( 0.4 kcal mol-1. At 900 °C the
mass spectra showed peaks at m/z ) 93 and 65, which are
phenoxy radical and cyclopentadienyl radical and are suggestive
of the reaction 12. The peak at m/z ) 29 is likely a photofrag-
ment of PEE similar to the m/z ) 105 ion formed from PPE.
Although the peak at m/z ) 94 is a photofragment at low
temperatures, at high temperatures, this peaks likely arises
directly from decomposition of PEE. Compare the ion formation
plots for PPE and PEE shown in Figures 4 and 6. Notice that
the fragment ion of PPE, m/z ) 105 in Figure 4a decreases
rapidly to zero at 1000 °C, while the fragment ion from PEE,
m/z ) 94 in Figure 6a decreases toward zero at 1000 °C but
then lingers on to higher temperatures. This is an indication
that the peak at m/z ) 94 is phenol formed from one of the
concerted reactions for the decomposition of PEE shown in
reactions 8 and 9. As with PPE, we cannot distinguish between
the retro-ene products shown in reaction 8 and the Maccoll
products shown in reaction 9. Note that both the concerted
reactions and the C-O homolysis reaction will produce ethyl-
ene, which has an ionization potential,61 IP(C2H4) ) 10.5138
( 0.0006 eV, slightly larger than the nominal laser energy, ninth
harmonic of Nd:YAG ) 10.499 eV. The line width of the laser
(σ ) 0.005 eV) is sufficient that a small number of photons
have energies above the ionization potential (1% are above 3σ
more than the nominal energy). Thus, we observed a weak signal
for ethylene, m/z ) 28. This was confirmed in separate
experiments with ethylene in helium, in which we also observed
weak signals at m/z ) 28. This ethylene signal could arise from
reactions 7-9, and so, like styrene with PPE, this peak does
not distinguish between these pathways.
The matrix isolation spectra of the pyrolysis of PEE show
the formation of phenoxy radical and phenol, supporting the
existence of reactions 7-9. These experiments were also
conducted at a low concentration (1:1000) where the PPE
experiments showed no evidence of bimolecular reactions.
Bimolecular reactions were probed using higher concentrations
(1:250 and 1:50), with the resulting spectra showing decreased
phenoxy radical yield, increased phenol, and the appearance of
cyclopentadiene. Figure 7 shows a typical IR absorption
spectrum of the products from the pyrolysis of PEE in the
hyperthermal nozzle. Initial products of the homolysis reaction,
the phenoxy and ethyl radicals, were found to decompose to
cyclopentadienyl radical plus carbon monoxide at higher tem-
peratures and ethylene. No ethyl radical was observed in the
matrix spectra. The assignments in the spectrum are based upon
literature measurements and spectra of products measured
Figure 5. Mass spectra of the products from the pyrolysis of PEE
(1:500) at select temperatures.
Figure 6. Plot of the intensities of the mass spectral peaks from the
pyrolysis of PEE (1:500) as a function of temperatures.
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separately. The peak assignments are collected in Table 2, which
also lists the molecular frequencies from the literature. The
measured spectra for phenol and cyclopentadiene are shown in
the Supporting Information.
Estimation of Rate Constants for Decomposition of PPE
and PEE. We used the results from CBS-QB3 calculations to
estimate rate constants for PPE and PEE decomposition. As
mentioned above, for the homolysis reactions, we use the bond
dissociation energy, D0, as an estimate of the activation energy,
Ea. For instance, for reaction 1 the activation energy was
determined to be Ea(1) ) D0 ) E0(C6H5O) + E0(C6H5C2H5) -
E0(PPE), where E0 is the calculated energy including zero point
energy. The calculated activation energies for the homolysis
reactions, (1), (2), and (7), are shown in Table 3. The
pre-exponential factors, A, were estimated from similar reactions,
because, as discussed previously, these reactions proceed via
barrierless transition states that are difficult to locate. For the
C-O homolysis reaction, (1) and (7), we used the A from
reactions 18 and 19. Experimental A factors for reaction 18 vary
from51,62-65 1 × 1015 to 1 × 1016 s-1, while the experimental A
for reaction 19 varies18,66,67 from 2 × 1014 to 5 × 1015 s-1. We
have used the value from Arends et al.,64 A(1) ) A(7) ) 2 × 1015
s-1. For C-C homolysis, reaction 21, experimental A values55,68-73
varied from 4 × 1014 to 9 × 1015 s-1. We use the A value from
Muller-Markgraf et al.,55 A(21) ) 4 × 1015 s-1.
For the concerted reactions, we determined the activation
energy and pre-exponential factors by the method described in
the Computation section (vide supra) and eqs 1-4. The
molecular structures for the transition states obtained with
B3LYP/6-311(d,p) are shown in Figure 8, where bond lengths
from the reaction coordinate are called out. For comparison of
reactions 5 and 6 with previous experimental values, we refit
the calculated results using a simple Arrhenius expression (k(T)
) A e-Ea/(RT), that is, n ) 0 in eq 4). Using this method we
obtained a value of A(5) ) 1.3 × 1012 s-1, while the experimental
values17,74,75 are 2.9 × 1011, 6.7 × 1011, and 1.2 × 1012 s-1.
The calculated pre-exponential factor for reaction 6 is A(6) )
1.5 × 1014 s-1, while the experimental values18,67 are 1.0 × 1013
and 7.9 × 1013 s-1. Figure 8 also collects the molecular
geometries for the retro-ene and Maccoll transition states for
PPE and PEE. As can be seen, bond lengths for the reaction
coordinates are similar. The calculated A factors and activation
energies for the concerted reactions for PPE and PEE (reactions
3, 4, 7, and 9) are also collected in Table 3. Using the parameters
from this table, rate constants can be calculated and Figure 9
plots these as a function of temperature.
As Figure 9 shows, the rate constants for the four reaction
channels for PPE, reactions 1-4, are more closely spread than
the rate constants estimated in Figure 1. Over the entire
temperature range the C-C homolysis reaction is slow com-
pared to the other three reactions, accounting for less than 2%
of the PPE loss rate. As Table 3 shows, the calculated activation
energies for the homolysis reactions, (1) and (2), and the Maccoll
elimination, (4), are only slightly higher than the predicted
values used for Figure 1, while the activation energy for the
retro-ene reaction, (3), is 10 kcal mol-1 higher than the estimated
value. As a result, the rate constant for the retro-ene reaction is
closer to the other channels. At low temperatures it is still about
2 orders of magnitude higher than the rate constant for the C-O
homolysis reaction and about 5× higher than the Maccoll
reaction at 500 °C. Hence, the calculations confirm the estimates
in that the retroene reaction is the dominant low temperature
channel. As temperature increases both the Maccoll and C-O
homolysis reactions increase faster than the retro-ene rate
Figure 7. Matrix isolation spectrum of the products from the pyrolysis
of PEE (1:1000). The assignments are based upon literature values and
spectra collected in this study (see Table 2).
TABLE 2: Integral IR Absorbencies (Scaled to the
Strongest Vibration for Each) of Phenyl Ethyl Ether
Pyrolysis Products in a 20 K Argon Matrix (Right
Columns), Comparison of Literature Values (Left Columns)
to This Worka
speciesref
ω
(cm-1)
relative
intensity
ω
(cm-1)
relative
intensity
phenoxy radical88 635 100.0 635 65.4
784 72.1 784 52.0
1550 63.0 1550 100.0
1481 53.1 1481 69.6
898 24.0 898 15.6
1072 18.0 1072 27.6
phenol89 1176 100.0 1176 87.3
1169 87.5 1169 9.1
1603 87.5 1601 53.3
1262 77.5 1262 21.2
1501 67.5 1501 59.6
751 65.0 752 61.2
685.9 62.5 689.1 10.3
/90 3635* 62.5 3635 100.0
1151 47.5 1150 22.8
ethylene91 946 vs 947 100.0
1440 s 1440 22.2
3111 m 3111 19.8
2995 m 2995 7.4
3081 w 3082 12.2
cyclopentadienyl radical92 661 vs 662 100.0
1383 m 1383 17.1
3079 w 3079 sh
carbon monoxide93 2138 vs 2138 vs
2149.3 m 2149.3 m
propargyl radical30 3308.5 vs 3308.5 100.0
686.6 m 686 51.6
482 s noise noise
620 m 620 39.4
acetylene94 736.2 vs 736 100.0
3289 s 3288 12.2
3302.5 m 3301 4.7
a vs ) very strong, s ) strong, m ) medium, w ) weak, and b
) broad.
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constant. However, at temperatures greater than 800 °C these
three reactions have rate constants predicted to be within a factor
of 5 of each other, which is within the uncertainty of the
theoretical method used here and the estimation of the pre-
exponential factors. Due to these high uncertainties, a firm
prediction of the relative importance of the different channels
is at this point impossible. The predominance of products from
the homolysis reaction would suggest that the estimated rate
expression of this reaction might be too low. Note that the
highest rate constants shown in Figure 9 reach values on the
order of 1 × 103 to 1 × 104 s-1 at 900 °C, which translates to
life times in the order of hundreds of microseconds. Given some
uncertainties of the temperature inside of the tubular reactor,
these values agree well with Figures 3 and 4, which show that
PPE pyrolysis products were observed at temperatures above
800 °C.
In the PEE system, the retro-ene reaction still dominates at
low temperatures (<800 °C) but the Maccoll reaction is about
a factor of 2-3 lower than the C-O homolysis reaction over
the entire temperature range (see Supporting Information for a
figure comparing the rate constants). These results are consistent
with the experimental observations, which suggest that the C-O
homolysis products (m/z 93 and 65) begin to appear at
temperatures higher than 1000 °C, whereas the concerted
reactions dominate at lower temperatures.
Conclusions
This is the first study to directly observe products for reactions
1-4 for the pyrolysis of PPE. Radical and stable products were
detected using PIMS for PPE and PIMS and matrix-IR for PEE.
For the PPE system, observations of phenoxy radical, cyclo-
pentadienyl radical, benzyl radical, styrene, and benzene were
indicative of homolysis of the CO and CC bonds (reactions 1
and 2), whereas detection of phenol and styrene suggest
pyrolysis by concerted reactions (reactions 3 and 4). Experi-
mental results, supported by theoretical calculations, indicate
that the C-O homolysis (reaction 1) is significant at high
temperatures (>1000 °C), whereas the concerted “retro-ene” and
Maccoll mechanisms (reactions 3 and 4) are significant at lower
temperatures. The C-C homolysis mechanism (reaction 2) is
minor at all temperatures. These results indicate that under
typical pyrolytic conditions (T < 600 °C) the concerted reactions
will dominate over homolytic pathways. However, radical
products from the homolytic reactions have been linked to
aromatic growth formation and will likely lead to tar formation
TABLE 3: Arrhenius Rate Parameters
k(T) ) ATn e-E/(RT) k(T) ) A e-Ea/(RT)
reaction A (s-1) n E (kcal mol-1) A Ea (kcal mol-1)
CH3CH2OCHCH2 f C2H4 + CH3CHO 1.0 × 108 1.2 44a 1.5 × 1012 46
(CH3CH2)2O f C2H5OH + C2H4 1.9 × 106 2.3 64b 1.8 × 1014 69
PPE f C6H6CH2CH2
• + C6H5O
• 2 × 1015 68b 2 × 1015 68
PPE f C6H6CH2
• + C6H5OCH2
• 4 × 1015 78b 4 × 1015 78
PPE f styrene + CHD (8) 2.2 × 106 1.9 49a 8.7 × 1012 53
PPE f styrene + phenol 2.1 × 108 1.9 59a 8.3 × 1014 63
PPE f C6H5O
• + C2H5
• 2 × 1015 67b 2 × 1015 67
PPE f CHD (8) + C2H4 5.5 × 107 1.6 54a 2.0 × 1013 57
PPE f phenol + C2H4 2.1 × 108 1.8 62a 3.7 × 1014 66
a Parameters for eq 2 were determined using CBS-QB3 calculations and fit to a modified Arrhenius equation (eq 4). b See text.
Figure 8. Molecular geometries of the transition states for reactions
5, 6, 8, 9, 3, and 4 as determined using B3LYP/6-311(d,p).
Figure 9. Calculated rate constants for reactions 1-4 based upon
results from CBS-QB3 calculations (see Table 3 for rate parameters).
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at higher concentrations and longer pyrolysis times. Due to the
recalcitrant nature of tars and the impact radical products can
have on product distribution, the homolytic reactions, although
minor, must be considered even at low temperatures.
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